Brahmajothi MV, Morales MJ, Campbell DL, Steenbergen C, Strauss HC. Expression and distribution of voltage-gated ion channels in ferret sinoatrial node. Physiol Genomics 42A: 131-140, 2010. First published August 3, 2010 doi:10.1152/physiolgenomics.00049.2010.-Spontaneous diastolic depolarization in the sinoatrial (SA) node enables it to serve as pacemaker of the heart. The variable cell morphology within the SA node predicts that ion channel expression would be heterogeneous and different from that in the atrium. To evaluate ion channel heterogeneity within the SA node, we used fluorescent in situ hybridization to examine ion channel expression in the ferret SA node region and atrial appendage. SA nodal cells were distinguished from surrounding cardiac myocytes by expression of the slow (SA node) and cardiac (surrounding tissue) forms of troponin I. Nerve cells in the sections were identified by detection of GAP-43 and cytoskeletal middle neurofilament. Transcript expression was characterized for the 4 hyperpolarization-activated cation channels, 6 voltage-gated Na ϩ channels, 3 voltage-gated Ca 2ϩ channels, 24 voltagegated K ϩ channel ␣-subunits, and 3 ancillary subunits. To ensure that transcript expression was representative of protein expression, immunofluorescence was used to verify localization patterns of voltagedependent K ϩ channels. Colocalizations were performed to observe any preferential patterns. Some overlapping and nonoverlapping binding patterns were observed. Measurement of different cation channel transcripts showed heterogeneous expression with many different patterns of expression, attesting to the complexity of electrical activity in the SA node. This study provides insight into the possible role ion channel heterogeneity plays in SA node pacemaker activity. gene expression; sodium channels; potassium channels; voltage-gated calcium channels; L-type calcium channels; T-type calcium channels; cyclic nucleotide gated cation channels PRIMARY PACEMAKER CELLS in the central region of the sinoatrial (SA) node undergo spontaneous diastolic depolarization, which ultimately triggers the action potential (AP) upstroke. The excitatory AP wave front subsequently spreads through adjacent areas of the perinodal region to the crista terminalis and atrium. Repolarization of the pacemaker cells allows the cycle to repeat. This inherent cyclic behavior enables the SA node to serve as the normal pacemaker of the heart (7, 12, 14, 26, 57) .
PRIMARY PACEMAKER CELLS in the central region of the sinoatrial (SA) node undergo spontaneous diastolic depolarization, which ultimately triggers the action potential (AP) upstroke. The excitatory AP wave front subsequently spreads through adjacent areas of the perinodal region to the crista terminalis and atrium. Repolarization of the pacemaker cells allows the cycle to repeat. This inherent cyclic behavior enables the SA node to serve as the normal pacemaker of the heart (7, 12, 14, 26, 57) .
In the central nodal and adjacent perinodal cells, the ionic basis of spontaneous diastolic depolarization and different phases of the AP have been attributed to many currents (7, 8, 14, 27, 36, 37, 42, 47, 61, 68, 77) . Studies conducted on different mammalian species identified a hyperpolarizationactivated nonselective cation current (I f ), two calcium currents [I Ca,L (L-type) and I Ca,T (T-type)], a sodium current (I Na ), and at least four voltage-dependent potassium currents [ultrarapid (I Kur ), rapid (I Kr ), and slow (I Ks ) delayed rectifier currents and transient outward current (I to )]. There also appears to be a relatively small (compared with ventricular myocytes) inwardly rectifying K ϩ current (I K1 ) (17, 24, 33, 35-37, 47, 52, 54, 68, 77) . However, SA node anatomy is complex and varies considerably among species (3, 5-7, 16, 18, 29, 30, 41, 42, 73) , suggesting that patterns of ion channel expression may also be complex and variable among species.
The basic properties of cardiac pacemaker activity have been characterized by electrophysiological studies of multicellular SA node preparations. These studies showed clear gradations in the AP voltage range and time course recorded from primary pacemaker cells versus cells in adjacent perinodal regions (5, 7, 32, 70) . Subsequent voltage-clamp studies of single SA node cells identified and quantified individual currents. Inherent limitations of these studies include the very small number of cells selected for analysis and the uncertainty of their origin (central vs. perinodal regions). Nonetheless, by establishing a framework for identification of molecular correlates underlying generation and modulation of cardiac pacemaker activity, these studies represented a significant advance.
Ferrets (Mustela putorius furo) were selected as an animal model to begin to describe more fully potential contributions of the different ion channels to generation and modulation of nodal pacemaking activity. We first describe the anatomy of ferret SA node and show that it more closely resembles human SA node than other more commonly used models (5-7, 18, 23, 29, 40, 73, 76) . Using fluorescent in situ hybridization (FISH) to detect transcripts of the slow and cardiac forms of troponin I (TnI S and TnI C , respectively), we identified the location of the central region, and presumably the origin of pacemaker activity. Using these markers, we describe an extensive FISH analysis of the distribution and abundance of 33 cation channels and 3 ancillary subunit transcripts within the SA node. We performed immunofluorescence (IF) on a select group of highly expressed K ϩ channels to determine whether channel protein expression patterns positively correlated with transcript expression. These studies make an important contribution to our understanding of the physiology of the normal pacemaker activity in the ferret and the pathophysiology of abnormal pacemaker function in humans.
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SA node sections. Hearts of male ferrets were excised and mounted on a Langendorff perfusion apparatus. After initial perfusion with normal physiological saline (to wash out blood), a second perfusion of normal saline plus 4% paraformaldehyde was conducted for 45 min. After this second perfusion, the entire nodal region (between superior and inferior vena cava) and adjacent right atrial appendage (RAA) were dissected free and incubated in 3% paraformaldehyde for 60 min. The tissue sample was incubated overnight in 40% sucrose in PBS at 4°C, followed by incubation in OCT medium (10.24% polyvinyl alcohol, 4.26% polyethylene glycol) for 5 h. The tissue was then embedded in fresh OCT medium by slow freezing in a CO2-isobutanol bath. Tissue blocks were sectioned with a Frigocut 2800E cryostat (Leica Microsystems, Wetzlar, Germany).
Fluorescent in situ hybridization. FISH was conducted as previously described (9 -11) . Tissue sections were postfixed on gelatincoated slides, incubated in prehybridization buffer, and hybridized with biotin-or digoxigenin-labeled oligonucleotides (Supplemental Table S1 ) at 42°C for 16 -24 h. 1 Labeled probes were detected with streptavidin-phycoerythrin or anti-digoxigenin antibody conjugated with fluorescein isothiocyanate (FITC). Probes for TnI C and TnIS antisense probe were used as controls. Experiments with antisense probes were run in parallel with sense probes as negative controls. Fluorescent signals were detected and quantified by confocal microscopy (LSM 410; Carl Zeiss MicroImaging, Thornwood, NY) as described previously (9, 10) . All FISH experiments were repeated on at least four hearts; the number for each transcript is listed in Table 1 .
Immunofluorescence. IF was conducted as previously described (9 -11) with commercially available antibodies from Novus Biologicals (Littleton, CO) or Santa Cruz Biotechnology (Santa Cruz, CA). Primary antibodies were detected with secondary antibodies conjugated to FITC or rhodamine. Images were scanned on a Zeiss LSM 410 inverted confocal microscope. All IF experiments were repeated on three to five ferret hearts.
Image analysis. FISH and IF images were digitized with LSM 3.9v (Zeiss) software, analyzed with Metamorph (Molecular Devices, Sunnyvale, CA) or IPLab Spectrum (Scanalytics, Rockville, MD), and assembled with Adobe Photoshop CS2. Empirical quantification of relative fluorescence levels was conducted as described in RESULTS.
RESULTS
Anatomy of ferret SA node. The ferret SA node is at the junction of the superior vena cava and right atrium near the sulcus terminalis region (Fig. 1, A and B) . Cross sections of the right atrium revealed an ovoid-shaped SA node positioned epicardially (Fig. 1C) . Two central nodal arteries are surrounded by a ring of dark cells; large pale cells form a concentric ring around the dark cells (Fig. 1D) . Thus many features of ferret SA node have striking similarities to classic descriptions of human SA node (29, 74, 75) .
To characterize the anatomy and functional regions of ferret SA node, we next performed FISH to detect 1) cardiac and slow-twitch forms of troponin I mRNA (TnI C and TnI S , respectively; Fig. 2, A-D) , 2) cytoskeletal middle neurofilament protein (NF; Fig. 2E ), and 3) growth-associated protein 43 (GAP-43; Fig. 2F ). TnI C has been shown to be the dominant troponin I isoform in rat atrial myocytes, while TnI S is present in the conduction system (19) . Cytoskeletal middle NF is expressed in the SA node (18, 71, 79) . GAP-43 is a marker for neurons (1, 13, 25, 78, 82, 83) .
Signals generated by antisense probes to TnI S ( Fig. 2A ) and TnI C (Fig. 2B) show that both transcripts are expressed in the SA node. TnI S expression was prominent in the central region and nearly absent in the peripheral regions. In contrast, TnI C expression was prominently localized in the peripheral transitional region of the SA node, where the unique or differential SA nodal cells transition into the right atrial myocytes. Overlay of these two transcripts shows the nonoverlapping distribution of isoform expression (Fig. 2C) . Figure 2D is an example of a TnI S sense oligonucleotide negative control, which shows the very low background fluorescence typical of our results with other probes. Finally, NF localizes to the central region of the SA node, providing further evidence of the location of the central SA node in our preparations (Fig. 2E) . While both NF Values [in arbitrary relative fluorescence units, normalized to 100 (the value obtained from Kv1.5 in right atrial appendage)] are means Ϯ SE; n ϭ no. of sections scanned. Sections were probed by fluorescence in situ hybridization (FISH) and scanned as described in MATERIALS AND METHODS. TnIS, TnIC, slow and cardiac troponin I, respectively; TnIS-S*, sense probe (negative) control; SAN, sinoatrial node, RAA, right atrial appendage. To highlight variability between animals, only 1 section per heart per transcript is included in this table.
and TnI S were present in the central position of the SA node, the distribution of NF signal was more confined than that of TnI S . These data show that TnI S and TnI C transcript expression are useful markers for distinguishing central versus outer SA nodal regions in the ferret.
In several species, the SA node is innervated well by the autonomic nerves, which play an important role in SA node function (29, 30, 43, 73, 75) . Because the presence of neuronally expressed ion channels could confound our analysis, we sought to identify autonomic nerve fibers in the ferret SA node. A well-characterized marker of autonomic nerves is GAP-43, a protein associated with axonal growth and regeneration, which has been identified in cultured sympathetic neurons, cholinergic neurons, and sympathetic and parasympathetic autonomic ganglia of normal adult rats (1, 13, 25, 78, 82, 83) . We observed GAP-43 expression as filamentous tracts within both the central and surrounding SA nodal regions (Fig. 2F ). There was less GAP-43 surrounding the SA nodal arteries. Furthermore, our data showed marked differences between the widespread filamentous pattern of antibody to GAP-43 and antibody to NF.
Distribution and expression levels of cation ion channel transcripts. To understand the contributions of different cation channels to cardiac pacemaker activity, we examined the distribution of channel transcripts, using FISH. This analysis included the four hyperpolarization-activated cation channels (HCN1-HCN4), six voltage-gated Na ϩ channels (Nav1.1, Nav1.3-Nav1.5, Nav1.8, and Nav1.9), three voltage-gated Ca 2ϩ channels (Cav1.2, Cav3.1, and Cav3.2), and 20 voltagegated K ϩ channel ␣-subunits from multiple families (Kv1.1-Kv1.6, Kv2.1 and Kv2.2, Kv3.1-Kv3.4, Kv4.1-Kv4.3, Kv7.1, Kv10.1, Kv11.1-Kv11.3). We also probed for three K ϩ channel ancillary subunits (minK, Kv5.1, Kv6.1).
We detected transcript for all 33 ion channels and 3 subunits in the ferret SA node. It was perhaps surprising that the many of the same transcripts were detected in both the SA node and the RAA despite the marked differences in their electrophysiological properties. It was clear that many channels showed regional localization across the SA nodal sections. However, caution should be exercised in comparing the relative abundance of different transcripts, given the well-known factors that confound this type of comparison. For example, the efficiency of hybridization and labeling may vary between probes. With these caveats in mind, we quantified the fluorescence emitted by each transcript probe relative to an internal standard in the central nodal region and the RAA ( Table 1) .
The strongest fluorescent signals in the SA node were from Kv1.1, Kv1.4, Kv1.5, and the T-type calcium channel transcripts Cav3.1 and Cav3.2; all had signals greater than 70 relative fluorescence units (RFU). Several channels were apparently expressed at somewhat lower levels, with RFU values between 34 and 60. These included Kv1.2, Kv2.1, Kv4.2, Kv4.3, Kv7.1, HCN1, HCN4, Kv11.1, Cav1.2, and Nav1.5. Many signals were very weak (Ͻ10 RFU), suggesting low levels of expression. However, despite the low level of expression of these channels, we cannot rule out the possibility that these transcripts give rise to channels with important physiological function.
There were also dramatic differences in SA node expression compared with that of the RAA. While we never observed TnI S and TnI C expression overlap, the ratio of SA node to RAA expression was 5.5-fold for the former and 0.22-fold for the latter. Some channels had nearly the same degree of preference for SA node: Kv1.1, Kv1.2, Kv7.1, and Cav1.2. All four HCN transcripts were at least 4-fold greater in the SA node; strikingly, HCN4 was 11-fold more abundant in the SA node. Fewer channels showed strong preference for the RAA; the notable exception was Nav1.4, whose transcript expression was 6.9-fold higher in the RAA.
To evaluate the distribution of each transcript studied, we initially focused on a hallmark of pacemaker activity in rabbit, mouse, and human SA node, hyperpolarization-activated cation channels HCN1-HCN4 (Fig. 3) (22, 28, 41, 45, 67, 69, 71, 80, 84) . Comparison of transcripts from all four hyperpolarization-activated cation channels showed that expression of HCN1 and HCN4 were highest, although there were significant levels of HCN2 and HCN3 (Fig. 3, C-F) . As expected, overlays of HCN transcript expression showed significant overlap (Fig. 4, A-D) , the most extensive of which was between HCN1 and HCN4. Broad overlap between TnI S and HCN1 transcripts (Fig. 4A) demonstrates that HCN1 is expressed almost exclusively in the central nodal region in the ferret. Colocalization of HCN2-4 with HCN1 suggests that any of these four channels might participate in generation of ferret SA node pacemaker activity.
Voltage-gated Na ϩ channels are important for pacemaking in rabbit, rat, and mouse SA node (33, 38, 46, 52) ; therefore, we evaluated their expression in ferret SA node. The Na ϩ channels fell into two general expression patterns. Some, including Nav1.5, 1.8, and 1.9, were uniformly and widely expressed; Nav1.1, Nav1.3, and Nav1.4 were more localized (Fig. 3, J-O) . Absence of transcript in the central nodal region was most marked in the case of Nav1.4 and to a lesser degree in Nav1.3 and Nav1.9. Magnitude of expression was greatest for Nav1.5 and lowest for Nav1.4.
Using TnI S , TnI C , and HCN4 to identify the central and surrounding regions of the SA node, we examined the distribution of Nav1.1 and Nav1.5 (Fig. 5, A-D) . The highly localized Nav1.1 showed little overlap with TnI S and HCN4. In contrast, the diffusely expressed Nav1.5 overlapped expression with both TnI S and TnI C , suggesting that it is distributed throughout the SA nodal region. From our data, it was unclear whether Nav1.1 and 1.5 were expressed in different cell types or whether their mRNA was localized differently within the same cells.
L-type and T-type calcium channels are expressed in the SA nodes of other species (47, 48, 69, 71) ; therefore we tested for the presence of transcripts of one L-type (Cav1.2) and two T-type (Cav3.1 and Cav3.2) voltage-gated calcium channels in ferrets. All three were expressed at significant levels. The T-type channels appeared to be expressed more abundantly than Cav1.2 (Fig. 3, G-I) . Expression of Cav3.1 was most dense in the central region, while Cav3.2 expression was diffuse throughout the sections. Cav1.2 expression was "patchy" and widespread; there was considerable overlap with TnI S and HCN4 in the central region (Fig. 5, E and F) . Cav3.1 expression also overlapped with HCN4, but overlap between Cav3.2 and HCN4 was minimal (Fig. 5, G and H) ; these results were reflected in the extensive overlap of Cav1.2 and Cav3.1 transcripts and minimal overlap between Cav3.1 and 3.2 transcripts (Fig. 5, I and J) .
Several K ϩ currents have been detected in the SA nodes of various species (17, 24, 33, 35-37, 47, 52, 54, 68, 77) ; however, the large number of voltage-gated K ϩ channels and ancillary subunits often makes definitive identification of their molecular basis challenging (51) . In the case of Kv1 channels, all transcripts were detected throughout the SA node (Fig. 6, A-F) . Kv1.1, 1.4, and 1.5 displayed the most widespread expression levels, with Kv1.2 and 1.3 at intermediate levels and Kv1.6 the lowest. Kv1.1 expression was intense in the central region (Fig.  6A) , while both Kv1.4 (Fig. 6D ) and Kv1.5 (Fig. 6E ) displayed nearly uniform expression throughout the nodal region. The remaining transcripts (Kv1.2, 1.3, and 1.6; Fig. 6 , B, C, and E) expressed poorly in all regions, although there appeared to be somewhat higher expression of Kv1.2 in the central region.
Kv2 transcripts were distributed throughout the SA node region (Fig. 6, G and H) ; however, Kv2.1 distribution was Fig. 3 . Analysis of ion channel mRNA expression by FISH in cross sections of ferret SA node. TnIC (A; marker for atrial myocytes); TnIS (B; SA nodal cell marker); hyperpolarization-activated cation channels HCN1 (C), HCN2 (D), HCN3 (E), and HCN4 (F); voltage-gated Ca 2ϩ channels Cav1.2 (G), Cav3.1 (H), and Cav3.2 (I); and voltage-gated Na ϩ channels Nav1.1 (J), Nav1.3 (K), Nav1.4 (L), Nav1.5 (M), Nav1.8 (N), and Nav1.9 (O). uniform while Kv2.2 expression was spotty. Expression patterns of Kv5.1 and Kv6.1 (Fig. 6, I and J), two ancillary subunits previously shown to modify Kv2.1 function (34, 56), were different from those of Kv2.1 and Kv2.2. This disparity was striking for Kv5.1, which was much more extensively expressed outside the central region. Kv3 transcripts (Fig. 6 , K-N) were the most poorly expressed group; low levels of each transcript were present in all nodal regions. Patterns of expression for Kv3.1 and 3.2 appeared to be more intense than the weak and diffuse expression for Kv3.3 and 3.4.
Among Kv4 transcripts, Kv4.2 and 4.3 were most highly expressed, while Kv4.1 expression was lower (Fig. 6, O-Q) . Kv4 transcripts were detected in all areas of the SA node, but expression patterns were nonuniform and displayed localized spots and/or "tracks." This effect was minimal for Kv4.1 but prominent for 4.2 and 4.3. In addition to Kv4.2 and Kv4.3, Kv1.4 is also responsible for producing a transient outward current (I to ) with rapid inactivation in ventricular and atrial myocytes of several species, including ferret (4, 10, 53). However, recovery from inactivation is fast in Kv4.2 and Kv4.3 and slow in Kv1.4 channels. In ferret left ventricular myocytes, the Kv4-based I to has little overlap with the Kv1.4-based current (10, 58, 85) . Immunofluorescent overlays of the expression of these three channel proteins show that Kv1.4 expression does not overlap with that of either Kv4.2 or Kv4.3 (Fig. 4, F and G) , suggesting the presence of two I to phenotypes with fast and slow kinetics as in the ventricle. Kv4.2 and Kv4.3 show extensive overlap in expression (Fig. 4H) , suggesting the possibility of heteromultimer formation, as has been described in mouse ventricles (21) , which would be most abundant in the nodal periphery.
Kv7.1 and Kv11.1 are the channels responsible for the slow and rapid forms of the delayed rectifier (I K ) current, respectively (2, 50, 62, 63, 85). Kv7.1 (Fig. 6R) , minK (ancillary subunit KCNE1; Fig. 6S ) and Kv11.1 (HERG1; Fig. 6T ) all displayed similar patterns with tracks of moderately high expression throughout the nodal regions. Kv11.2 (HERG2; Fig. 6U ), 11.3 (HERG3; Fig. 6V ), and 10.1 (EAG; Fig. 6W ) could also be detected, with all displaying similar track patterns, although of variable intensity and width.
The expression and distribution of ion channel ancillary subunits could make an important contribution to the electrophysiological properties and amplitude of SA node currents.
Comparison of minK expression with that of Kv11.1 and 7.1 (Fig. 4, I and J) shows considerable overlap between Kv11.1 and minK but much less overlap with Kv7.1, suggesting that the contribution of the slow delayed rectifier current (I Ks ) may be small in the ferret SA node. We also examined the colocalization (Fig. 4K ) of the neural HERG-related channels Kv11.2 and Kv11.3 (66) . They show some colocalization; however, they do not appear to be expressed in the same cells throughout most of our SA node section, suggesting that they may be present in distinct neural populations.
Since different cationic currents contribute to the different phases of the SA node action potential, it is important to examine the overlap of different families. For example, we have demonstrated that the degree of overlap between Cav3.1 and Cav1.2 was more extensive than that of Cav3.1 and Cav3.2, as reflected in the orange-yellow color in the central region of the SA node. Clearly the same area of cells in the central node express TnI S and HCN4 (Fig. 5, E and F) in a pattern that is shared by the two T-type channels, Cav3.1 and Cav3.2, with HCN4 (Fig. 5, G and H) . Figure 7C shows that the two channels were extensively coexpressed within the nodal cells.
A weakness of the FISH approach for detection of channels is that it is an indirect measure of protein expression. As we have previously shown with Kv1.4 (10, 51) , the level of mRNA does not necessarily correlate with protein, although this effect does not seem to be common. A second potential issue is that mRNAs detected by FISH may not overlap with protein location within a cell, potentially distorting channel distribution in large distended cells. To ascertain whether this might be the case for channels in the SA node, we performed immunolocalization of several K ϩ channels (Fig. 8) . As is true in ferret ventricles (10), Kv1.4 transcript expression is much greater than protein expression in the ferret SA node (Fig. 8A) . In addition, Kv1.5 transcript expression was also greater than protein expression in the SA node (Fig. 8B) . For the other transcripts tested, there are close correlations between transcript and protein (Fig. 8, C-H) .
DISCUSSION
The goals of this study were to describe the anatomy of the ferret SA node and to characterize expression of ion channel transcripts within the node and surrounding regions. We choose ferrets for this study because the size of their SA node made them amenable to microscopic studies and future electrophysiological http://physiolgenomics.physiology.org/ characterization. As we have shown, a second advantage of the ferret is that the anatomy of its SA node more closely resembles that of the human than the popular rabbit and mouse models. Finally, the availability of a sequence in the domestic ferret may ultimately lead to the development of transgenic ferrets, which could enable us to investigate the role played by each channel in the ferret SA node. There are striking similarities in SA node architecture between human and ferret (7, 12, 16, 20, 23, 27, 29, 74 -76) . Both show the presence of central nodal arteries surrounded by concentrically arranged small dark and large pale cells. In contrast, the rabbit SA node has no central nodal artery and no distribution of dark and lightly stained cells as seen in ferret and human (73) . The physiological consequences of the ferret architecture are potentially important to understanding human physiology and pathophysiology. For example, changes in intravascular pressure in the SA nodal artery should affect heart rate in the ferret but not the rabbit (31) . The morphology could be indicative of different cell types expressing a different array of ion channels. The combination of central nodal arteries and distribution of dark and light cells like those of the human SA node led us to suggest that the location and expression levels of ion channel transcripts are similar in humans and ferrets (15, 73, 74) .
More importantly, our data are unique in that they are based on extensive analysis of contiguous nodal areas, and hence offer more detail on specific localization and distribution patterns of channel transcripts. In particular, our data show that distribution patterns of different cation channel transcripts were quite variable. While more limited in scope than our FISH analysis, the IF analysis of select Kv channel proteins confirms that there is not a strict one-on-one correspondence between mRNA levels and protein expression for some channels. Finally, our results represent a significant advancement in evaluating both the distribution and the potential function of ion channel transcripts in SA node, as well as pointing out some pitfalls that may be encountered in such analyses.
In attempting to understand SA node function, identification of molecular transcripts in thin sections of tissue does not allow extrapolation of the findings to understanding a complex threedimensional tissue like the SA node. This limitation is a result of the combined presence of 1) multiple cell types, 2) a high degree of autonomic innervations, and 3) the distribution patterns and amounts of ion channel protein in the sarcolemma. These difficulties highlight the need for reliable markers to differentiate the true SA nodal cells from those of the surrounding atrium. For this purpose, we made extensive use of TnI S and TnI C as positive and negative markers, respectively, for SA nodal cells. For many years, it has been understood that TnI S , found in adult skeletal muscle, is present in fetal hearts. The adult form of cardiac troponin, TnI C , replaces it late in gestation (59, 60, 64, 72) . Gorza et al. (19) were the first to suggest that TnI S remained in the cardiac conduction system and SA node of rats after birth. On the basis of this observation, we used TnI S expression as a marker for cells isolated from ferret SA node and atrioventricular (AV) node (11) . High levels of TnI S mRNA have also been shown in mouse SA node by quantitative PCR (49) .
The presence of TnI S in the SA node is not surprising. It has been noted that several skeletal muscle contractile proteins are expressed in the cardiac conduction system (65) . Furthermore, the presence of TnI S lends support to the view that, in many ways, SA node cells resemble undifferentiated atrial working cardiomyocytes (16) . Here we have shown that TnI S mRNA is concentrated in the central node and highly expressed and that its separation from cells expressing TnI C is nearly absolute (Fig. 2C) , making it an excellent marker for SA node ion channel gene expression.
An additional complicating factor is the extensive innervation of the SA node. To understand the roles of specific ion channels in pacemaking and their modulation by autonomic tone it is particularly important to determine which channels are expressed in the neurons of the SA node. To examine the distribution of the autonomic nerve fibers, we localized GAP-43 and neurofilament M (NF). GAP-43 is a marker for axonal growth and regeneration. It has been identified in cultured sympathetic neurons, cholinergic neurons of the postnatal rat brain, and the sympathetic and parasympathetic autonomic ganglia of normal adult rats (1, 13, 25, 78, 82, 83) . Neurofilaments have been identified in sympathetic and parasympathetic neurons in the peripheral nervous system of rats (71, 79) . We found that the distribution of these two proteins differed substantially. GAP-43 was present in filamentous structures within and surrounding areas of the SA node (Fig. 2F and  Fig. 7 ). These filaments are suggestive of the axonal tracts that inhabit the node. In contrast, NF staining was most intense in the area surrounding the SA nodal arteries. The latter finding is most consistent with a concentrated distribution of autonomic fibers in the central portion of the SA node, where the release of acetylcholine and norepinephrine would have their greatest effect on pacemaking rate. Further evidence of the presence of neurons comes from expression of Kv10.1 (EAG) and Kv11.2 and 11.3 (ERG2 and ERG3). These channels are apparently expressed only in neurons (13, 67) , and while experience with them as markers is much less extensive than that with GAP-43 and NF, we think it is likely that these channels mark the presence of neurons in the SA node.
Channel expression in the SA nodes of rabbit, mouse, and human has been reported (11, 15, 49, 71) . Because of differences in methodologies and species, comparisons should be made with caution; however, some broad observations can be made. In general, our results are similar with respect to the abundance of Kv1.5, Kv2.1, Kv4.2, and other K ϩ channels. Our Ca 2ϩ channel results also are similar. Nav1.5 is by far the most abundant sodium channel in mouse SA node, with less Nav1.4 and very little Nav1.1, 1.3, and 1.7. We find that in ferret SA node Nav1.5 is also the most abundant but that Nav1.4 localizes to areas peripheral to the central node, while there are substantial amounts of Nav1.1 and 1.3 in the central part of the SA node. The presence of Nav1.5 in the central node of the ferret differs from that of the mouse and rabbit (38, 46, 71) . Finally, we concur with Marionneau et al. (49) that HCN1 and HCN4 are the most abundant among HCN species. However, while HCN4 is much more highly expressed than HCN1 in mice, we find that expression of the two isoforms is roughly equal in the ferret SA node. Localization of channel transcripts has also been performed in rabbit SA node (71) . While many of the same transcripts were identified, their patterns were different. For example, Cav1.2 is nearly absent from the rabbit SA node, as is Nav1.5. Kv4.2 is expressed much more highly than Kv1.5, and HCN4 expression is 10-fold higher than HCN1. Again, these disparities could be due to differences in SA node anatomy between rabbits and ferrets.
One unique aspect of our study was the concerted effort to differentiate between nodal myocytes and neuronal expression. Of the highly expressed channels in the SA node, we found evidence that the Kv4 channels Kv7.1, its ancillary subunit minK, and Kv11.1 were more highly expressed in neurons while Kv2.1 and Kv1 channels were more highly expressed in SA nodal cells. Nav1.1, 1.3, and 1.9 also appear to be present primarily in neurons. Among Ca 2ϩ channels, expression of Cav1.2, Cav3.1, and Cav3.2 channels was robust, demonstrating their central role in SA node function. While both Cav1.2 and Cav3.1 showed extensive localization in the SA node, they had different patterns of expression, implying different functional roles in the SA node. In addition, Cav1.2 expression is higher in or near the septum and colocalizes with GAP-43, suggesting expression in the nervous system. While HCN1 and HCN4 showed the expected expression, the expression patterns of HCN2 and HCN3 were compatible with localization in nerves.
While we have no direct evidence that the distribution patterns of ion channels in ferret sinus node closely reflect their distribution in the human SA node, the presence of these patterns needs to be taken into account when considering the function of the SA node in other species. The anatomy and complex electrophysiological properties of the SA node are essential to activating the large mass of the right atrium. In the rabbit, the leading pacemaker sequence originates in ϳ5,000 cells in the intercaval region (5) . From there, the propagating wave front moves at increasing size and speed toward the crista terminalis, enabling it to arrive there as a broad wave. The shape of the AP undergoes a gradual transition as it moves through the SA node, bringing the maximum diastolic potential and phase 0 amplitude closer to the values found in the crista terminalis and atrium (5, 7, 32, 70) .
Physiological implications. In many pathophysiological conditions, the primary pacemaker site in the SA node can undergo "pacemaker shift," allowing a different group of cells within the SA node to assume the pacemaking function (5, 55) . We show that the ion channel transcript levels and identities differ between the central region of the SA node and the adjacent perinodal region. These observations suggest that pacemaker activity arising in areas outside of the primary pacemaker site should have ionic currents contributing to the AP different from those in the primary pacemaker site. Hence, currents that contribute to the AP in a pacemaker site outside of the primary pacemaker may respond differently to changes in autonomic tone and Class I and III antiarrhythmic drugs.
The importance of different ion channels in pacemaking activity can be discerned from studies in patients with sinus bradycardia resulting from genetic mutations or in mice resulting from knockout of a gene encoding a specific ion channel (38, 39, 44, 48, 69, 81) . Alternatively, the negative chronotropic effects of K ϩ , Na ϩ , and Ca 2ϩ channel blockers can also slow the heart rate. In addition, the negative chronotropic effects of TTX on the spontaneous heart rate of the isolated mouse heart led to the identification of TTX-sensitive Na ϩ channels (brain type) in the mouse SA node (38); we have documented their presence in the ferret SA node. Finally, if our findings are substantiated in the human heart, we believe that the widespread distribution of Na ϩ channels is functionally important. In patients with diseased SA node, Class I antiarrhythmic drugs could further impair the propagation of impulses out of the SA node to the crista terminalis.
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